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Effect of acetylcholine on the early phase of reversible norepi-
nephrjne-induced acute renal failure. A reversible model of nor-
epinephrine-induced (NE) acute renal failure (ARF) was devel-
oped in Sprague-Dawley rats. At 48 hr after norepinephrine in-
fusion into the renal artery, renal blood flow (RBF) had returned
spontaneously to control values, but inulin clearance (C1) was
only 9% of control. Mean proximal tubular pressure (PT) was 22
6mm Hg (control, 9 1 mm Hg, P <0.001). Recovery of 14C-
inulin microperfused from early proximal to mid or late distal
tubule was 96 5%. Using this model of acute renal failure, we
infused acetylcholine (ACh) into the renal artery 1 hr after the
cessation of NE infusion to determine the effects on renal func-
tion if RBF could be restored to normal shortly after the ischemic
insult. ACh was infused for 4 to 6 hr. Anuria persisted despite
return of RBF (control value of 6.52 0.95 vs. postacetylcholine
value of 6.21 1.02 mllmin). Tubules were dilated with minimal
spontaneous movement of injected oil. PT was 41 14 mm Hg
(control, 10 1 mm Hg, P < 0.001); stop-flow estimated gb-
merular capillary pressure (PGC) was 68 15 mm Hg (control, 49
4mm Hg, P < 0.01); and efferent arteriolar pressure (PEA) was
45 12 mm Hg (control, 14 3 mm Hg, P < 0.001). Single
nephron filtration fraction (SNFF) determined from systemic ar-
terial (CAA) and efferent arteriolar protein content (CEA) was 0.04
0.03. Nephron filtration could be increased to a normal range
by normalizing the glomerular capillary to proximal tubular hy-
draulic pressure (P) with a decompression pipette in the proxi-
mal tubule. The increase in filtration rate was directly related to
the decrement in intratubular pressure (r = 0.998, P < .001). No
significant backleak of '4C-inulin was detected by microperfusion
from the early proximal to mid or late distal convoluted tubule.
Homogeneous intraluminal deposits were found diffusely scat-
tered throughout nephron segments beyond the proximal tubules
including the loops of Henle. Transmission and scanning elec-
tron microscopy of samples of glomeruli was normal. We con-
clude that in the first few hours after the onset of a reversible
NE-induced acute renal failure model in the rat, recovery of ren-
al blood flow with acetylcholine infusion does not improve inulin
clearance because of intratubular deposits that cause tubular ob-
struction.
Effet de l'acétylchotine au cours de Ia phase initiate de
l'insufllsance rénale aiguë induite par Ia norépinéphrine. Un
modèle d'insuffisance rénale aiguë (ARF) reversible obtenue par
la norépinéphrine (NE) a été développé chez des rats Sprague-
Dawley. Quarante-huit heures après la perfusion de NE dans
l'artère rénale le debit sanguin renal (RBF) est revenu spontané-
ment aux valeurs contrôles alors que Ia clearance de l'inuline
(C1) n'est qu'à 9% des contrôles. La pression tubulaire proxi-
male moyenne (PT) est de 22 + 6 mm Hg (contrôles, 9 1 mm
Hg, P < 0,001). La récupération d'inuline '4C microperfusée du
proximal précoce au distal moyen ou tardif est de 96 5%. Avec
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ce modèle d'insuffisance rénale aiguë, l'acétylcholine (ACh) a
été perfusée dans l'artère rénale une heure après I'arrêt
de Ia perfusion de NE pour étudier les consequences sur Ia fonc-
tion rénale du retour a Ia normale de RBF rapidement après
l'ischemie. ACh a ét perfuse pendant 4 a 6 heures. L'anurie a
persisté malgré Ia normalisation de RBF (contrOles, 6,52 0,95;
post-ACh : 6,21 1,02 mllmin). Les tubules étaient dilates etles
mouvements spontanes de l'huile injectee Ctaient minimes. PT
Ctait de 41 14mm Hg (contrdles: 10 1 mm Hg, P <0,001); Ia
pression du capillaire glomérulaire évaluée par stop flow &ait de
68 15 mm Hg (contnIles 49 4 mm Hg, P < 0,01) et Ia
pression artériolaire effCrente (PEA) était de 45 12 mm Hg (con-
trôles, 14 3 mm Hg, P <0,001). La fraction filtrée par néphron
(SNFF) déterminèe a partir des concentrations de protéines sys-
témique artérielle (CAA) et artériolaire efférente (CEA) était de
0,04 0,03. La filtration par néphron a pu Ctre augmentCe a une
valeur normale en normalisant Ia difference de pression dans le
capillaire glomérulaire par rapport a Ia pression hydraulique
tubulaire proximale (P) au moyen d'une pipette de dCcompres-
sion dans le tube proximal. L'augmentation du debit de filtration
était alors proportionnelle a la diminution de La pression intra-
tubulaire (r = 0,998, P <0,001). II n'a pas été observe de rétro-
diffusion significative de '4C inuline au cours des microperfusions
du proximal précoce au tube contourné distal moyen ou tardif.
Des dépôts intraluminaux homogènes ont été observes répartis
de facon diffuse be long des segments du néphron en aval du tube
proximal incluant les anses de Henle. La microscopie électro-
nique par transmission et par balayage des glomérules n'a pas
montré d'anomalies. I! est conclu que dans les premieres heures
après l'installation d'une ARF reversible induite par NE chez be
rat La récupération d'un RBF normal par Ia perfusion
d'acétylcholine n'amCliore pas Ia clearance de l'inuline en raison
de dépôts intratubulaires qui déterminent une obstruction tubu-
laire.
A number of recent studies have examined the
pathogenetic mechanism of acute renal failure in-
duced by norepinephrine (NE) [1-5]. Although the
initiating insult is ischemic, it is less certain that is-
chemia plays a role in the maintenance of renal dys-
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function. Cox et al [1] found that renal blood flow
(RBF) had returned spontaneously to 61% of nor-
mal 48 hours after infusion of norepiñephrine into
the renal artery of dogs. Despite the improvement
in RBF, the animals remained anuric. Cronin et al
[2] found RBF to be 75% of normal 24 hours after
the ischemic insult, whereas inulin clearance con-
tinued to be less than 10% of the control value. The
former group attributed the persistent renal failure
to changes in the glomerular epithelium limiting gb-
merular permeability [1]. The latter workers have
suggested that tubular degeneration and obstruction
maintained poor renal function after the spontane-
ous improvement in RBF [2]. The nature of the ini-
tial insult indicated that the glomerular changes
found by Cox et al [1] and tubular degenerative
changes reported by Cronin et al [2] were caused by
ischemia even if a protracted decline in RBF was
unnecessary for the maintenance of acute renal fail-
ure. It has not been clear, however, if the duration
of ischemia is critical to the development of gb-
merular or tubular lesions and persistent acute renal
failure. If the duration of ischemia is important,
then pharmacologic reversal of ischemia within a
few hours after norepinephrine infusion should re-
sult in improved renal function. On the other hand,
if the effects of ischemia on glomerular or tubular
transport mechanisms are immediate and not read-
ily reversible, rapid pharmacologic correction of
RBF would not significantly alter renal dysfunction.
Two studies have examined the effects of vaso-
dilators in NE-induced acute renal failure [3, 4]. De
Torrente et al [4] infused acetyicholine into the re-
nal artery of dogs 30 mm before and throughout the
period of NE infusion. There was correction of
RBF from zero to control levels 3 hours later, but
the clearance of inulin (C,) remained at 10% of con-
trol. When Mauk et al [3] gave prostaglandin E be-
fore NE infusion, there was partial correction of C1
at 3 hours as well as complete recovery of RBF de-
spite absence of RBF immediately after NE. Prosta-
glandin E did not improve renal function at 3 hours
if it was only given simultaneously with NE even
though RBF was corrected to normal. Although
these studies may provide some indirect evidence
about the mechanisms of ischemic acute renal fail-
ure, the present investigation was constructed to
answer the more therapeutically relevant question
of the effect of a vasodilator on renal function when
given after the ischemic insult.
The study was designed to (a) produce a revers-
ible model of NE-induced acute renal failure in the
rat', (b) determine the spontaneous rate of RBF re-
turn in relation to the rate of recovery of C,, and
with this model to (c) pharmacologically correct
RBF shortly after the initial ischemic insult to deter-
mine if there was a beneficial effect on whole kidney
and single nephron function.
Methods
Natural history experiments. Eight Sprague-
Dawley rats, each weighing 250 to 350 g and having
undergone prior right nephrectomy, were main-
tained in metabolic balance cages for 1 week. They
were given water ad lib and a standard rat chow
diet. Control measurements of blood urea nitrogen
(BUN) and daily urine volumes were recorded.
Each animal was anesthetized with pentobarbital
and the left renal pedicle exposed through a flank
incision. A micropipette (O.D., 35 ) mounted on a
micromanipulator and attached to a motor driven
syringe containing NE was introduced into the renal
artery. NE was delivered at 0.6 g/kg!min for 90
mm. The micropipette was removed, the surgical
wound closed, and the rats returned to metabolic
cages. They received water ad lib and a low potas-
sium diet (ICN Pharmaceuticals, Cleveland, Ohio).
Urine output and BUN were measured every third
day.
Experiments with spontaneous recovery of renal
blood flow. The above protocol with the following
exceptions was followed in a second group of 24 lit-
ter-mate Sprague-Dawley rats with bilaterally intact
kidneys. After the left renal pedicle was exposed
and before a micropipette was introduced, the renal
artery was dissected free from surrounding tissues,
and RBF was measured with a small diameter flow
probe (EP model 4OlD, lumen circumference of 2.0
mm, Caroline Medical Electronics, Inc., King,
North Carolina) connected to a square wave elec-
tromagnetic flowmeter. Calibration of the flow
probe was by the method of Arendshorst, Finn, and
Gottschalk [6]. Eight of these rats were then pre-
pared for clearance and micropuncture studies as
described elsewhere [7, 8]. Inulin clearance and
proximal tubular pressures were measured. In the
other 16 rats, NE was infused into the renal artery
after RBF determinations were complete. These an-
'A reversible model of acute renal failure in the present study
was defined in a human clinical context in that the natural history
of the kidney disorder was such that it would spontaneously re-
turn to normal if the animal survived the complications of acute
uremia such as hyperkalemia and pulmonary edema.
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imals were returned to metabolic cages alter wound
closure. At 24 and 48 hours, respectively, 8 rats
were prepared for clearance and micropuncture
studies. RBF, C1, and micropressure measure-
ments in proximal convoluted tubules were ob-
tained.
Whole kidney and single nephron studies of ef-
fects of acetyicholine. A third group of 12 male
Sprague-Dawley rats with bilaterally intact kidneys
were prepared for clearance and micropuncture
studies to determine the effects of acetylcholine
(ACh) on the NE-infused kidney. The tip of a poly-
ethylene catheter (O.D., 100 j.1m) was introduced
into the renal artery as described previously [9]. A
flow probe was placed about the left renal artery
and connected to a square wave electromagnetic
flow meter as outlined above. A period of 1 hour
was allowed for equilibration of plasma inulin con-
centrations, at which time a femoral artery blood
sample (0.4 ml) was obtained between two timed 50-
d collections of urine for inulin measurement.
Three 2-mm collections of tubular fluid were made
from last proximal tubular loops. Micropressure
measurements were determined in proximal con-
voluted tubules, efferent arterioles, and peritubular
capillaries. Glomerular capillary pressure (PGC) was
estimated from the stop-flow technique [10]. Simul-
taneous femoral artery (0.1 ml) and efferent arteri-
olar blood samples were collected for plasma pro-
tein content. Microperfusion was performed from
early loops to last loops of proximal and mid to
late distal tubules with an artificial perfusate [11]
containing 200 to 250 cpm/nl of 14C-inulin. Perfusion
was performed as previously described [12]. The
perfusion was adjusted to a rate that allowed the
preexisting intratubular pressure to be maintained,
as determined with a pressure pipette (O.D., 1 pm)
placed between the perfusion and collection pi-
pettes. This rate varied from 10 to 20 nllmin. The
percent recovery of perfused 14C-inulin was deter-
mined (in counts per minute) from the ratio of that
collected to that perfused. Following the control
studies, NE infusion was begun via the left renal
artery catheter at the dose and for the duration de-
scribed above. After an additional hour in which
there was no infusion into the renal artery, RBF and
clearance measurements were recorded. The rate of
inulin infusion was reduced by half following the in-
duction of ischemia. An infusion of ACh (4.0 pg/kg/
mm) into the left kidney then was begun. Sub-
sequent experimental measurements were per-
formed when RBF had returned to control levels.
The period of time required to return blood flow to
normal varied between 4 and 6 hours. Two animals
died of hypotension during the ACh infusion. In the
remaining 10 rats, RBF recovery was complete.
Clearance and micropuncture measurements were
repeated as in the control period. Intratubular pres-
sures were found to be markedly elevated, and
there was very slow spontaneous movement of oil
blocks placed in the proximal tubules.2 To deter-
mine if tubular fluid flow could be normalized in the
absence of tubular obstruction, we carried out the
following procedure. An oil-filled pipette (O.D., 8
.tm) was positioned in a long proximal tubule. An
oil block approximately 8 tubular diameters long
was forced into the tubule such that it increased in
length in both antegrade and retrograde directions
with reference to the normal direction of tubular
fluid flow. A pressure pipette (O.D., 1 m) was then
positioned just upstream from the oil-filled pipette
tip. The oil block was maintained just distal to the
pressure pipette, and a stop-flow pressure (PSF) re-
corded to estimate PGC. The oil then was allowed to
move slowly downstream in the tubule to just
beyond the oil-filled pipette, and a 2-mm collection
was initiated at a pressure 15 2 mm Hg less than
PSF. The collection was maintained at such a rate
that the proximal tubular pressure (PT) was constant
as monitored both on' an oscilloscope and with a di-
rect writeout recorder. A second pipette was in-
serted into the same collection site, and a second
collection performed at a PT reduced an addi-
tional 15 2 mm Hg from that maintained during
the initial collection. The further reduction in pres-
sure was accomplished by increasing suction on the
syringe while carrying out the collection. A third
collection was made from the same site at an addi-
tional 10 1-mm Hg reduction in PT. The inulin
concentration was determined on all samples. From
the PGC and PT, a iP value could be calculated and
plotted against the nephron filtration rate (NFR) for
each collection. Proximal tubular samples were also
collected to determine protein content. Because
ACh has been reported to reduce the glomerular ul-
trafiltration coefficient [13], a series of collections as
described in the foregoing was required in a sepa-
rate set of 10 rats to distinguish the effects of ACh
2Hydrostatic pressure measurements were performed in 5 rats
that had had prior right nephrectomies and that had been sub-
jected to the same protocol but did not receive inulin infusion.
The findings were not different from those in rats that had both
kidneys and were infused with inulin.
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from those of ischemia. These animals underwent
the same surgical preparation as the animals with
NE-induced acute renal failure. A catheter (length,
60 cm) was inserted into the left ureter and elevated
to a level of 50 cm, producing surface nephron prox-
imal tubular pressures comparable to those in the
latter group. Acetyicholine (4.0 p.g/kg/min) was
then infused into the left renal artery. After 4 to 6
hours of infusion, PSF measurements and collections
at serial reduction in PT were performed. The
change in NFR vs. P in this group was compared
with that in the animals infused with NE and ACh.
Because of a potential effect of ACh or obstruction
per se on tubular epithelial integrity and backleak,
microperfusion studies with 14C-inulin were also
carried out in these same ureteral obstruction (UO)
and ACh-infused animals.
Microsphere measurements of renal blood flow
distribution. In a fourth group of 12 rats, micro-
sphere measurements were carried out in control
rats (N = 6) and following the above described se-
quence of NE and ACh infusion (N = 6 rats) to de-
termine the distribution of RBF.3 Using approxi-
mately 60,000 85Sr-labeled microspheres with a
mean diameter of 15 p.m, given as a single injection
into the left ventricle, we carried out these studies
as described by McNay and Abe [14] except that
the cortex was divided only into two zones.4
Microscopic studies. Blocks of tissue 2- to 4-mm
thick, including cortex, medulla, and papillary tip,
were removed from the NE-ACh-infused rats at the
conclusion of the experiments and fixed for 4 hours
in 10% Zenker's formalin, washed in water, and
stored in phosphate buffered 10% formalin (pH,
7.0). The tissue was dehydrated with ethanol, clear-
ed with xylene, and embedded in paraffin. Sections
were cut at 2 to 4 p. and stained with hematoxylin
3Preliminary studies in our laboratory have shown that repeat-
ed injections in the same rat of the number of l5- microspheres
used in this study produces small but significant declines in RBF.
A smaller number of microspheres does not permit adequate
counts to be made in tissue samples of outer and inner cortex.
4A number of studies have indicated that microspheres of 15
rm tend to be preferentially distributed in the outermost cortical
glomeruli due to axial streaming in arterial vessels or geometric
hindrance to their movement into deeper cortical afferent arteri-
oles originating at more acute angles from the present vessel.
The artifact effect on renal plasma flow distribution between
deep and superficial cortex is estimated at approximately 10%
[15-17]. In the present study, the experiments with l5-m micro-
spheres were considered adequately valid because the same arti-
fact would have affected control as well as experimental results
and the difference in results between the two groups was the crit-
ical measurement.
and eosin. One-millimeter cubes were fixed in 4%
glutaraldehyde buffered with 0.1 mi sodium phos-
phate for electron microscopy. For transmission
electron microscopy, the tissue was postfixed in 2%
osmium tetroxide, dehydrated with alcohol, and
embedded in Epon® 812 (Fisher Scientific Co., Pitts-
burgh, Pennsylvania). Sections were cut with a Sor-
vail MT-2 ultramicrotome (Dupont Instruments
Co., Newton, Connecticut) and a diamond knife
(Dupont Instruments Co.), transferred to uncoated
copper grids, and stained with uranyl acetate and
lead citrate. Viewing and photomicrography were
done with the Phillips 300 electron microscope
(Phillips Electronic Instruments, Mt. Vernon, New
York). For scanning electron microscopy, the glute-
raldehyde-fixed specimens were washed in cacody-
late buffer (pH, 7.2) and slides made to expose fresh
surfaces. The pieces were returned to the buffer and
washed again. They were then postfixed 1 hour in
2% osmium tetroxide in cacodylate buffer (pH, 7.2)
and washed in cacodylate buffer (pH, 7.2). The
specimens were dehydrated through ascending con-
centrations of acetone and transferred to a pre-
cooled critical point dryer (Pelmo Model 4, Irvine,
California). Critical point drying was carried out us-
ing carbon dioxide. Following drying, the speci-
mens were mounted on aluminum stubs and coated
to a thickness of 300 A of pure gold in a sputter-
coater (International Scientific Instruments, Santa
Clara, California). The specimens were then exam-
ined with a scanning electron microscope (Cam-
bridge Stereograph F4, Cambridge Thermionic
Corp., Cambridge, Massachusetts).
Analytic techniques. Plasma and urine inulin
were measured with a Technicon autoanalyzer
(Technicon Instruments Corp., Tarryton, New
York). Nonradiolabeled tubular fluid inulin was es-
timated by the micromethod of Vurek and Pegram
[18] as modified for this laboratory [19]. NFR was
calculated from the tubular fluid collection rate (V)
and the tubular fluid to plasma inulin ratio (TFIP1):
NFR = V (TFIP1).
The 14C-inulin activity of tubular perfusate and
collected samples was counted in a liquid scintilla-
tion counter (Beckman Instruments, Inc., Fuller-
ton, California). The percent recovery of 14C-inulin
was determined (in counts per minute) from the ra-
tio of the total amount collected to the total amount
perfused during the interval of tubular fluid collec-
tions. The total amount perfused was determined
by multiplying the, in vitro perfusion rate (nI/mm)
Norepinephrine-induced acute rena/failure 403
times the concentration of radioactivity in the per-
fusate (cpmlnl) times the collection time (mm).
The fluorescamine fluorometric method, which
compared favorably with the modified Lowry tech-
nique [20, 21], as determined by Viets et al [22], was
used to measure systemic arterial and efferent arte-
riolar plasma protein content.
Plasma colloid osmotic pressure (COP) was de-
termined from the Landis and Pappenheimer for-
mula [23]:
COPpiasma (mm Hg) = 2.1C + 0.16 C2 + 0.001 C3
where C represents total protein concentration (in
g!dl). PGC was calculated as the sum of the systemic
arterial plasma COP and the early proximal tubular
stop-flow pressure. The modified Lowry color-
imetric technique [20, 21] was used to measure
proximal tubular fluid protein concentration.
Data are expressed as the means SD. Paired
and unpaired Student's t tests were used for statisti-
cal analysis of data as appropriate.
Results
Figure 1 shows the results of serial BUN mea-
surements in the 8 uninephrectomized rats infused
with NE into the renal artery. The peak level of azo-
temia came between the second and fourth days and
declined thereafter until control levels were reached
in all surviving animals at 30 days. Five rats died,
four while severely azotemic and one while in the
recovery phase from acute renal failure when BUN
levels were returning to normal. Urine flow rate av-
eraged 1 1 j.dlmin for the first day after norepi-
nephrine infusion, 3 2 dImin on the second day,
a,
0
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increased to 12 4 t1/min by the end of I week, and
remained at this approximate level through the re-
mainder of the study.
Figure 2 shows the serial measurements of RBF
and C1 in control rats and at 24 and 48 hours in the
rats that were allowed to recover spontaneously
from NE infusion of the left kidney. RBF in control
rats was 6.3 0.7 mllmin. In rats given NE, RBF
was 0.1 0.1 immediately after drug infusion, 4.0
0.9 in rats studied at 24 hours, and 5.3 0.7 mllmin
in those studied at 48 hours. The mean value at 48
hours was not significantly different from control.
C111 was 0.89 0.12 mllmin in control rats and less
than 10% of control for up to 48 hours in rats given
NE. PT was 9 1, 12 6, and 22 6 mm Hg in
control, at 24 and 48 hours, respectively. The last
value, recorded when RBF had returned to control,
was significantly greater than that in preinfusion
rats at P < 0.01.
Figure 3 shows RBF, C1, and urine flow rates of
the left kidney for the preinfused period, post-NE,
and post-ACh for the group of rats in which RBF
was corrected pharmacologically. RBF in the pre-
infusion period was 6.52 0.95 mllmin, absent fol-
lowing NE, and 6.21 1.02 mllmin after 4 to 6
hours of ACh. The post-ACh value was not dif-
ferent from the preinfusion control. Preinfusion C111
was 0.96 0.12 mllmin. After NE, there was no
measurable C; and after ACh, it was barely detect-
able at 0.03 0.02 mllmin. Prior to NE infusion,
urine flow was 11.2 7.2 dImin. After NE, there
0
U
C
C,C
C
5 10 20 25 3015
NE Time, days
Fig. 1. Serial measurements qf blood urea nitrogen in uni-
nephrectomized rats follo't'ing infusion of norepinephrine into
the renal artery. Peak levels of azotemia occurred during the first
5 days and returned toward normal over 25 days in surviving
animals. Rats that died are indicated by crosses (+).
C 24h 48h
Fig. 2. Renal blood flow and inulin clearance in control (C), at 24
hr, and at 48 hr after norepinephrine infusion.
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was no urine flow, and after ACh it was 3.4 3.2 p.!!
mm.
Microsphere studies showed that absolute zonal
blood flows to outer and inner cortex in the group of
control rats were 5.02 0.34 and 1.50 0.20 mII
mm, respectively. In NE-ACh rats, the correspond-
ing values were 3.97 0.23 and 2.24 0.18 mllmin.
There was a significant decline in outer cortical flow
of 1.05 0.21 ml/min and an increase in inner cor-
tical flow of 0.74 0.12 mllmin after NE and ACh
(both P <0.01).
Figure 4 shows the results of systemic arterial
and micropressure measurements prior to NE and
following ACh. Systemic arterial pressure did not
change. There was a significant increase in PGCfrom
49 4to68 15 mmHG,PEAfrom 14 3 to45
12 mm Hg (both P <0.001). PT increased from 10
ito 41 14 mm Hg after ACh (P <0.001).
Figure 5 shows the relationship of NFR to zP
when proximal tubular pressures were reduced seri-
ally to constant values below PSF. Mean PGC was 66
11 mm Hg. When PT was decreased, increasing
P, there was a progressive rise in NFR. The rela-
tionship between zP and NFR in the NE-ACh-
treated animals was compared with that obtained in
the UO animals with ACh infusion (Fig. 5). The
mean PT and PGC in these latter rats of 40 10 and
67 12 mm Hg, respectively, were not different
from those of the NE-ACh rats. Both sets of data
were best described by a quadratic equation with
zero intercept of the general form y = bx + cx2. The
respective least-square equations for NE-ACh and
UO-ACh groups were y 1.747x — 0.Ollx2 andy =
AP PQc EA PT
Fig. 4. Arterial (AP), glomerular capillary (P0), efferent arteri-
olar (PEA), and proximal tubular (P) hydrostatic pressure for
the left kidney in 12 rats (left) and following norepinephrine and
acetylcholine infusion (right). Arterial pressures were the same
for the two groups, but all micropressure measurements were
greater in the ACh-infused postischemic kidneys.
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Fig. 3. Renal blood flow (RBF), mu/in clearance (C,,1), and urine
flow rate (V)for 10 rats that were given intrarenal acetylcholine
continuously for 4 to 6 hr, 1 hour after infusing norepinephrine
into the left kidney. Renal blood flow returned to control levels,
but inulin clearance and urine flow rate remained at <10% of the
respective control values.
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Fig. 5. The mean increases in single nephron filtration rate(shown as points on the curvilinear lines) for all rats as the ele-
vated proximal intra tubular pressure was reduced sequentially
from stop-flow by controlled tubular decompression thereby in-
creasing the glomerular to tubular hydraulic pressure (zP). The
open circles are measurements from norepinephrine-infused kid-
neys following 4 to 6 hr of intrarenal acetylcholine infusion. The
closed circles are similarly obtained data from ureteral obstruc-
tion kidneys during 4 to 6 hr of acetylcholine infusion. There are
significant linear regressions of both curves (r = 0.998, P <
0.001), but the increase in filtration rates for corresponding dec-
rements in tubular pressures are less for the norepinephrine-in-
fused kidneys at P < 0.01.
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2.355 — 0.026x2. Both quadratic regressions were
significant (r = 0.998, P < 0.001). The two curves
differed with respect to the curve parameters b and
c (P < 0.01) indicating a small but significantly
lower nephron filtration rate for each decrement in
PT from PSF in the NE-ACh kidneys. Unfortunately,
a glomerular ultrafiltration coefficient could not be
calculated from these values because of the uncer-
tain rate of change of glomerular capillary colloid
osmotic pressure as filtration occurred in the neph-
ron under study.
CAA and CEA were 5.6 0.4 and 8.2 0.7 gIdl,
respectively, in the preinfusion period. The corre-
sponding values after NE-ACh were 5.9 0.5 and
6.0 0.6 gIdl. The CAA values were not different,
but CEA was significantly lower after NE-ACh (P <
0.001). The SNFF was 0.32 0.08 in control and
0.04 0.03 after NE-ACh (P <0.001;).
Recoveries of 14C-inulin when microperfused
from early proximal to late proximal and distal tu-
bules in the control period, after NE-ACh, and in
the UO-ACh animals are shown in Table 1. Mean
recoveries were above 90% in all groups, and none
was significantly different from the other.
Microscopic findings. Kidneys examined after
the conclusion of NE-ACh experiments showed the
following light microscopic changes: In the outer
cortex, tubules were moderately dilated and occa-
sionally contained large casts" composed of
amorphous, globular material and occasional pyk-
notic nuclei. The tubular epithelium was flattened
focally. No interstitial edema or vascular changes
were noted. Glomeruli showed no abnormalities by
light microscopy. In the deep cortex and outer me-
Table 1. Percent recoveries of '4C-inulin microperfused through
proximal and distal tubulesa
Group
No.
animals
Percent recovery 14C-inlun
Proximal
to proximal
Proximal
to distal
NE-ACh
Control
After NE-ACh
UO-ACh
Control
After UO-ACh
10
8
10
10
92 7
(15)
95 7
(16)
94 4
(18)
100 14
(14)
96 4
(15)
99 5
(10)
96 7
(15)
96 6
(12)
a Data are means 1 SD. The number in parentheses is num-
ber of observations made in each group. Control denotes no prior
treatment; NE-ACh, norepinephrine followed by acetylcholine
infusion into renal artery; UO-ACh, ureteral obstruction and
acetylcholine infusion into renal artery.
dulla, most of the tubules were distended with the
material described above. There was severe con-
gestion of peritubular capillaries and vasa recti. The
deposited materials could be seen in occasional
clearly identified loops of Henle. No conspicuous
abnormalities were noted in the inner medulla.
Transmission and scanning electron micrographs
of glomeruli from each NE-ACh rat revealed no ab-
normalities. The appearance of a typical glomerular
capillary loop by the former technique is shown in
Fig. 6. The scanning electron micrographic struc-
ture of the glomerular epithelium is shown in Fig. 7.
Discussion
In this study, the effect of ACh to rapidly correct
RBF in NE-induced acute renal failure was investi-
gated. A model of NE-ARF was developed in rats
and the natural history delineated. The animals be-
came progressively uremic over the first 3 days af-
ter NE infusion into the renal artery. Thereafter,
there was recovery with normalization of BUN by
30 days in all surviving rats. In sequential studies,
RBF returned spontaneously to control by 48 hours
but C1, remained at < 10% of control. PT was great-
er than twice normal at that time, indicating a major
component of tubular obstruction.
When ACh was infused into the renal artery 1
hour after terminating NE infusion, RBF returned
to control levels within 4 to 6 hours. Despite
shortening the ischemic time to the kidney com-
pared with spontaneous recovery, there was no sig-
nificant improvement in C1. From the quantity and
duration of ACh infusion required to correct RBF,
it is apparent that the intensity of NE-induced vaso-
constriction was profound. Although it is uncertain
why the large doses of ACh were required, it is
likely that the absence of RBF itself prevented the
removal of infused NE and limited catecholamine
metabolism. In addition, lack of blood flow im-
paired the distribution of ACh to vasodilator sites in
the cortex. These suggested mechanisms are sup-
ported by the finding in both rats [24] and dogs [25,
26] that spontaneous recovery of RBF occurs rapid-
ly after renal artery cross-clamping for periods simi-
lar to NE infusion in this study. In the cross-clamp
experiments, ischemia is due to extrarenal arterial
occlusion, whereas NE-induced ischemia, at least
in part, is the result of catechol-induced vasoconst-
riction at afferent and efferent arteriolar resistance
sites [27]. The vasoconstrictor effect would persist
until the active catecholamine form was cleared
from the kidney or metabolized.
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Fig. 6. Representative electron micrograph of a glomerular capillary loop from a rat infused with norepinephrine followed by acetyl-
choline. No abnormalities of the capillary epithelium can be seen. In particular, there are no areas of distortion of epithelial foot
processes.
Several mechanisms have been suggested to ac-
count for the lack of C1 recovery in the presence of
a corrected RBF. These include altered RBF distri-
bution [281, tubular fluid backleak [29, 30], a de-
crease in glomerular permeability secondary to is-
chemia [1], and tubular obstruction [31-33]. In addi-
tion, the alteration in glomerular permeability
caused by ACh [13] had to be evaluated in the pres-
ent investigation.
Absolute flow to the outer cortex declined by a
mean of 1.05 mllmin after NE-ACh and inner corti-
cal flow increased by a mean of 0.74 mI/mm. Al-
though this represented a significant redistribution
of RBF, it is questionable that it contributed to
acute renal failure. Estimated PGC and measured PA
were both elevated. There was visual evidence of
adequate efferent arteriolar and peritubular capil-
lary surface blood flow by microscopic observation.
Nearly normal filtration for individual superficial
nephrons was obtained by decreasing the high intra-
tubular pressures. Finally, redistribution of RBF to
the inner cortex does not eliminate a portion of gb-
merular blood flow, but rather, results in increased
blood flow to deeper cortical glomeruli where filtra-
tion would occur provided there were no other
pathophysiologic constraints.
Tubular backleak was examined directly with mi-
croperfusion and indirectly by measuring the single
nephron filtration fraction. With microperfusion, no
significant leak of 14C-inulin occurred between early
proximal and distal tubular sites. Functional re-
covery of this marker was not different from that in
control kidneys. The results were similar in the UO-
ACh rats. The data indicated that the integrity of
the epithelium in these nephron segments was in-
tact. The microperfusion studies, of course, do not
exclude the possibility that backleak occurred from
collecting ducts or deeper nephrons. The profound
depression of SNFF was compatible with a primary
depression of nephron filtration. The negative pro-
tein measurements of early proximal tubular sam-
ples excluded the possibility that a protein leak was
—— —Tt-Ci t<\ t'tfl.2 .awar'
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Fig. 7.Scanning electron micrograph showing epi-
thelial podocyte with normal primary, secondary,
and foot processes. Space between interdigitating
foot processes is well maintained. White-colored
deposits represent surface debris. (x 10,000)
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present in the glomeruli that would have precluded
the use of protein concentration to estimate single
nephron filtration fraction.
A decreased glomerular ultrafiltration coefficient
was evaluated both microscopically and by elimi-
nating the high intratubular pressure in the proximal
tubule and measuring the rate of nephron filtration.
In the tubular decompression experiments, each
progressive decrement in tubular pressure resulted
in an increase in filtration. At a zP approaching nor-
mal [34], NFR was also in a range found in normal
rats [34]. When the NFR-zP curve for the NE-ACh
kidneys was compared with that of the UO-ACh
kidneys, there was a slightly lower NFR for each
level of zP in the former group compatible with a
small effect on glomerular permeability from is-
chemia greater than that which may have resulted
from ACh itself. Regardless of the effect of NE and
ACh on the glomerular ultrafiltration coefficient,
NFR was quantitatively in a normal range when P
was normalized, excluding a decrease in glomerular
permeability as an important factor in the 90% de-
cline in C1. In addition, both standard and scanning
electron microscopy failed to show pathologic
changes in the glomerular epithelium. These find-
ings differ from those of Cox et al [1], who showed
abnormalities of the glomerular epithelium on scan-
ning electron microscopy, but agree with those of
Cronin et al [2] in dogs and Myers, Langlinais, and
Merrill [35] in humans, who were also unable to de-
tect glomerular abnormalities in ischemic ARF with
scanning electron microscopy. It should be cau-
tioned, however, that the microscopic observations
in this study only examined changes in the early
postischemic period and do not discount the pres-
ence of other morphologic findings beyond the first
several hours after an ischemic insult.
The most impressive finding in the present study
was the marked increase in intratubular pressures
that were four times higher than comparable control
measurements. Such intratubular pressures repre-
sented direct evidence that tubular obstruction was
playing a major role in limiting return of C1 under
the conditions and at a point in time at which the
studies were carried out. Despite elevated glomeru-
lar capillary hydrostatic pressures that occurred fol-
lowing acetylcholine infusion, the net driving force
for filtration was reduced markedly as the result of
the opposing tubular hydrostatic pressure. The cor-
responding morphologic data were in agreement
with an obstructive hypothesis with the finding of
diffuse homogenous eosinophilic deposits within
tubular lumens. There was evidence that deposits
were present as early as the descending limbs of the
loops of Henle. A number of morphologic observa-
tions in the past suggested an important role of
tubular obstruction [31, 32, 36—38], but only recent-
ly have experiments of renal artery occlusive ARF
detected high intratubular pressures in the presence
of tubular luminal deposits [31, 33, 39]. Tanner,
Sophasan, and Sloan [33] observed obstructive
changes very similar to those of the present study
24 hours after 1 hour of complete renal artery occlu-
sion in the rat. Microscopic studies also showed eo-
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sinophilic-staining casts in the tubules. In the same
"cross-clamp" model, Arendshorst et al [31] found
high tubular pressures and oliguria despite a 50%
return of renal blood flow 1 to 3 hours after release
of the renal artery obstruction. Recent morphologic
observations by Donohoe et a! [39] have shown
early signs of cellular injury located primarily in the
pars recta following 1 hour of renal artery cross-
clamping in the rat. They also have reported slough-
ing of the micro villi in this portion of the tubule and
have attributed the tubular deposits to these cellular
organelles. Others have suggested that the homoge-
nous appearing casts represented precipitated
Tamm-Horsfall protein [40]. Precise identification
of the obstructing material in the present studies
will have to await further investigation.
Summary. These experiments indicate that tubu-
lar obstruction is the major pathogenetic factor
early in the course of NE-acute renal failure after
RBF has returned to normal with a vasodilator.
There was a small redistribution of RBF away from
the outer cortex, and a small reduction in glomeru-
lar permeability could not be excluded, but these
mechanisms were of little significance in maintain-
ing the decrease in C1. Finally, backleak of filtrate
was not found in the proximal or distal convoluted
tubules. A component of backleak from collecting
ducts or deeper nephrons could not be excluded,
however.
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